An antiserum raised against whole cells of Thiobacillus ferrooxidans was allowed to react with a variety of acidophilic and nonacidophilic bacteria in an enzyme-linked immunosorbent assay and an indirect immunofluorescence assay. Both experiments demonstrated that the antiserum was specific at the species level. This preparation was used to evaluate the role of T. ferrooxidans in the microbial desulfurization process. Leaching experiments were performed, and the numbers of T. ferrooxidans cells and other bacteria were estimated by using a combined immunofluorescence-DNA-fluorescence staining technique that was adapted for this purpose. Nonsterile coal samples inoculated with T. ferrooxidans yielded high concentrations of soluble iron after 16 days. After this period, however, T. ferrooxidans cells could no longer be detected by the immunofluorescence assay, whereas the DNA-fluorescence staining procedure demonstrated a large number of microorganisms on the coal particles. These results indicate that T. ferrooxidans is removed by competition with different acidophilic microorganisms that were originally present on the coal.
Acid rain causes considerable environmental and economic hazards to many industrialized countries. It is not only harmful to the life of plants and animals but it also affects buildings and monuments. A major cause is sulfur dioxide released during the combustion of sulfur-containing fuels, such as coal. To reduce the emission of sulfur dioxide attempts have been made to remove sulfur from coal before combustion. Physical, chemical, and microbiological methods have been suggested. A recently completed feasibility study demonstrates that the microbial desulfurization process is a realistic option (4) . In this process microorganisms are used that can oxidize pyrite, the main inorganic sulfur compound in coal, by the following equation:
4FeS2 + 1502 + 2H20-* 2Fe2(SO4)3 + 2H2SO4 An organism that is supposed to play a prominent role in this desulfurization process is the chemolithotrophic bacterium Thiobacillusferrooxidans. This aerobic and acidophilic organism grows at a temperature of about 20 to 35°C and at a pH of between 1.5 and 4. It uses ferrous iron and reduced sulfur as sources of energy and carbon dioxide as a source of carbon. Much research has been devoted to the physiology of this species (9, 12, 19) . T. ferrooxidans can be isolated from acid mine drainage waters and sulfidic ores and coals that have been exposed to air and moisture. It may be accompanied by a variety of other acidophilic organisms such as T. thiooxidans, T. acidophilus, Leptospirillum ferrooxidans, and Acidiphilium cryptum.
Results of several studies (5, 18, 19) have suggested that mixed cultures of acidophilic bacteria are more efficient in the leaching of pyrite than are pure bacterial cultures. A determination of the number in which individual species occur in the coal samples and their in situ localization may be helpful in assessing their role in the desulfurization process.
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Microorganisms can be visualized in soils and other natural environments by epifluorescence microscopy (incident illumination) after they are labeled with fluorescent dyes such as acridine orange (6) , rhodamine 123 (17), or fluorescamine (20) . Recently, Huber et al. (11) have described a modified DNA-fluorescence staining procedure for the detection of the microflora present on coal particles.
For the recognition of individual bacterial taxa in mixtures of microorganisms, immunological methods, such as immunofluorescence, are well suited. This technique has been successfully applied by many investigators in the fields of microbial ecology and geomicrobiology for the detection and characterization of specific microorganisms in their natural environments. Fungi (22) and various bacteria (10) have been detected in soils, water (2, 7, 21) , and coal refuse material (1, 3) .
In this report we describe a combined immunofluorescence-DNA-fluorescence staining procedure for the in situ localization of T. ferrooxidans cells in a heterogeneous population of microorganisms that are responsible for the oxidation of pyrite in coal.
MATERIALS AND METHODS
Cultures. The pure cultures used in this study are listed in Table 1 . All cultivation methods used have been described by Kuenen and Tuovinen (14) . T. ferrooxidans LMD 81.68.3G is a single cell isolate of T. ferrooxidans LMD 81.68 (ATCC 19859). The isolation was performed by the procedure described by Mackintosh (15) . Apart from pure culture strains, a mixed culture of acidophilic pyrite-oxidizing bacteria obtained from a coal cleaning plant, as described by Kos et al. (13) , was used. This mixed Born culture has been maintained for several years on a pyrite-rich coal and transferred every 2 months to a fresh suspension of coal in water. ferrooxidans a number of species were tested that are supposed to belong to the normal microflora of microbial leaching systems: the autotrophic organisms T. thiooxidans and L. ferrooxidans, the facultative heterotrophs T. acidophilus and A. cryptum, and the thermophilic pyrite-oxidizing bacterium of the genus Sulfolobus. No reactions were found with any one of the bacteria other than T. ferrooxidans and one of our strains of L. ferrooxidans. We established in subsequent studies, however, that this bacterium had the same physiological properties as T. ferrooxidans (i.e., it was able to use reduced sulfur compounds) and that it obviously had been mislabeled.
The possibility of whether the reactivity of T. ferrooxidans with the antiserum depended on the conditions under which the bacteria were cultivated was investigated. Cells of T. ferrooxidans LMD 18.68.3G were grown on five different substrates (viz., ferrous iron, tetrathionate, thiosulfate, iron pyrite, and elemental sulfur), and the reactivity with the antiserum was tested. Positive reactions of equal intensity occurred with all the cultures that were tested.
ELISA is a rapid and reliable assay for screening a large number of different antigens, but it is not suited for the localization or enumeration of individual bacteria in natural environments such as coal slurries or soils. In the figures it is demonstrated that the combined application of DNAfluorescence and immunofluorescence staining gives excellent results. Figure 1A shows a phase-contrast photomicrograph of an artificial mixture of different acidophilic bacteria (T. ferrooxidans, T. concretivorus, and A. cryptum). Figure  1B shows the same mixture but visualized by epifluorescence microscopy with filters specific for the ethidium bromide fluorochrome. Note that all bacteria that were visualized by phase-contrast microscopy are also stained with ethidium bromide. The immunofluorescence staining beautifully singled out the cells of T. ferrooxidans in this mixed population (Fig. 1C) .
This technique was used to estimate the abundance of T. ferrooxidans among mixed populations of acidophilic bacteria in coal slurries. Coal samples were inoculated with different bacterial populations. Fractions of the coal suspensions were taken at intervals, over a period of 16 days. Pyrite leaching was monitored by measuring the concentration of solubilized iron, and finally, the numbers of bacteria were estimated by the combined immunofluorescence-DNAfluorescence staining procedure described above. The results of the leaching experiments are shown in Fig. 2 was added to a sterilized coal sample (Fig. 2, curve a) . An uninoculated sterilized sample (Fig. 2 , curve e) did not show any significant leaching. Curve b (Fig. 2) represents the leaching result of a nonsterilized coal sample inoculated with T. ferrooxidans. In this experiment the oxidation of pyrite started earlier, and the pyrite removal at day 16 was much higher than that without the extra added cells (Fig. 2 , curve f). Two nonsterilized coal samples gave rise to high percentages of pyrite removal. One was incubated with the Born culture, a mixture of acidophilic bacteria (Fig. 2, curve c) ; the other one was incubated with the same mixed culture, but in addition it was incubated with a pure culture of T. ferrooxidans (Fig. 2, curve d) . The percentage of pyrite removal of the last two experiments showed no significant difference.
The results of the microscopic observations of the dual fluorescence staining of samples from the leaching experiments taken after 16 days are summarized in Table 2 .
DISCUSSION
It is generally assumed that in microbial ecosystems that are responsible for the leaching of metal ores and coal, T. ferrooxidans plays a dominant role. Evidence has been presented, however, that suggests that this species may be accompanied by a variety of other acidophilic organisms, such as T. thiooxidans, T. acidophilus, A. cryptum, and other less well characterized species (18) . Some of these bacteria are obligate autotrophs, others are facultative autotrophs, and still others are oligotrophic heterotrophs. Although speculations have been put forward regarding microbial interactions within these consortia (9) , consistent evidence on the exact role of the different microorganisms is still lacking.
It was the purpose of this paper to determine, by optical means, the relative abundance of T further analyze the composition of the microbial communities that are associated with acid-leaching systems. We suggest that immunofluorescence combined with DNA fluorescence will become a powerful technique not only for the study of microbial communities involved in microbial leaching but also in the study of other microbial systems.
